scale, a significant drop in marine carbonate δ 13 C between 58 and 52 Ma has been attributed to a net decrease in organic carbon burial, most likely related to increased fluxes of oxidized CH 4 from the seafloor and of terrestrial organic matter (e. g., Dickens 2003 , Komar et al. 2013 ). On the short-term scale, the series of transient global warming events, known as hyperthermals, caused extreme perturbations of the global carbon cycle and global temperatures superimposed on the long-term warming (e. g., Sluijs et al. 2009 , Stap et al. 2010 , Abels et al. 2012 , Kirtland Turner et al. 2014 , Littler et al. 2014 , Lauretano et al. 2015 . The occurrence of these events is marked by dissolution of marine carbonate and negative excursions in carbon and oxygen stable isotopes, and linked to fast injections of isotopically light carbon into the ocean-atmosphere system (Kennett and Stott 1991 , Dickens et al. 1995 , Nicolo et al. 2007 , Stap et al. 2010 , Littler et al. 2014 . The timing of the hyperthermal events suggests that they were paced by orbital forcing (e. g., Cramer et al. 2003 , Westerhold et al. 2007 , Galeotti et al. 2010 , Sexton et al. 2011 , Kirtland Turner et al. 2014 , Littler et al. 2014 , Lauretano et al. 2015 , specifically by the long-and short-eccentricity cycles.
One of the currently available age models for the early to middle Eocene is based on astronomical tuning of an X-Ray Fluorescence (XRF) Fe-counts record from deep-ocean sediments recovered at ODP Site 1258 (Westerhold and Röhl 2009) . The comparison of this Fe-counts record with the bulk carbonate δ 13 C isotope record from the same site and splice yields, however, an inconsistent phase relationship between the two proxies in the interval encompassing the EECO, opposite to the coherent patterns observed in the older interval spanning ETM-1 to 3. Other, independent, age models for the early to middle Eocene are based on radioisotopic ages derived from both marine and continental records (Smith et al. 2008 , Aswasereelert et al. 2012 , Tsukui and Clyde 2012 , Vandenberghe et al. 2012 , Machlus et al. 2015 . However, around 50 Ma, the comparison between astronomical and radioisotopic age models shows a major discrepancy resulting in a different duration of the magnetochron C23n and a consistent offset of ~0.5 Myr between the two age models up to chron C21r (Vandenberghe et al. 2012) . This difference might be a consequence of an overlooked eccentricity cycle in the Fe-counts record, the presence of a hiatus or the poor quality of the magnetostratigraphy at ODP Site 1258 (Vandenberghe et al. 2012 ). In addition, Westerhold et al. (2015) state that these discrepancies may stem from both uncertainties in the width of chrons in the magnetic anomaly profile of Cande and Kent (1992) , as well as in the position and age of the radioisotopic tie points used in GTS2012 (Vandenberghe et al. 2012) . Additional high-resolution marine δ 13 C records are therefore crucial to provide a precise and consistent temporal framework for this period.
Here we present a high-resolution benthic δ 13 C isotope record from ODP Site 1263 (Walvis Ridge), in the east-southern Atlantic, spanning the early Eocene between ~49 and ~54 Ma. Based on this record, we construct an astronomically tuned age model and discuss three different tuning options to the 405-kyr eccentricity cycle. A detailed correlation scheme is then established between our benthic record and the bulk carbonate δ 13 C record of ODP Site 1258 (Kirtland Turner et al. 2014) . This allows us to test our initial age models, and directly compare our tuning options with alternative age models. Finally, we discuss implications for the polarity time scale and attempt to establish a tuning to the ~100-kyr eccentricity cycle of the La2010d solution (Laskar et al. 2011a) , starting from our preferred option, with the aim to investigate the reliability of the newest astronomical solutions.
Materials and Methods

Site location and lithology
Ocean Drilling Program (ODP) Site 1263 (28°32 S, 2°47 E, 2717 m present water depth) is located just below the crest of the northeast flank of Walvis Ridge, in the south-eastern Atlantic (Fig. 1) at an estimated paleo-depth of about 1500 m (Zachos et al. 2004) . During ODP Leg 208 early Eocene pelagic sections were successfully recovered in four offset holes (A to D), providing a complete sequence of sediments mainly consisting of calcareous nannofossil ooze, chalk and marls. The construction of the composite depth scale from the four holes was based on magnetic susceptibility (MS) and sediment lightness (L*) (Zachos et al. 2004) . ODP Site 1263 is ideally suited for this exercise as sedimentation over Walvis Ridge has been relatively uniform over much of the early Paleogene.
Samples were collected at the Bremen Core Repository from Holes A, B and C, according to the shipboard meters composite depth section (mcd) for Site 1263, from ~229 mcd to ~296 mcd. An exception has been made for the spliced interval between ~262 and 268 mcd from which the isotopic results showed an unusual scatter, probably due to contamination of the samples prior to analysis or coring disturbance. For this reason, samples from Hole 1263A core 26H, sections 2-7 were replaced by samples from Hole 1263B core 22H, sections 1-5, partially already included in the revised composite depth scale by Westerhold et al. (2007) . This did not require any additional stretching or squeezing of the meter composite depth scale (see Supplementary information).
Stable isotope analysis
A total of ~1500 samples were used to generate the benthic carbon isotope record, at a 5-cm resolution, including benthic data of Stap et al. (2010) and Lauretano et al. (2015) (Fig. 2 and Appendix A). Multi-specimen samples of shallow infaunal Nuttalides truempyi were picked from the Ͼ 150 μm fraction and analyzed for stable isotopes by using a KIEL-III automated carbonate preparation device linked online to a ThermoFinnigan MAT253 mass spectrometer at Utrecht University. All values are reported in standard delta notation relative to VPDB (Vienna Pee Dee Belemnite). Calibrations to the international standard and to the in-house standard (Naxos) show an analytical precision of 0.03‰ for δ 13 C.
Astronomical solution and spectral analysis
Astronomical tuned age models depend on the reliability of the available numerical astronomical solutions for the Solar System (Laskar et al. 2011a , Westerhold et al. 2012 . These astronomical solutions however become less reliable further back in time, due to the chaotic behavior of the Solar System. Cyclostratigraphic approaches for the early Paleogene and the Mesozoic therefore rely on the 405-kyr eccentricity cycle, as this is the only cycle to remain stable beyond 50 Ma (Laskar et al. 2004 (Laskar et al. , 2011 . First attempts to generate an orbitally tuned time scale for the early Eocene used the La2004 solution (Laskar et al. 2004) , and provided a floating time scale based on the tuning to the 405-kyr cycle, anchored to three different options proposed for the age of the PETM , Westerhold et al. 2008 . At present, the newest orbital solutions (La2010 and La2011) are potentially accurate back to 54 Ma (Laskar et al. 2011a , Westerhold et al. 2012 . Tests on the stability of the La2010 (Laskar et al. 2011a ) and La2011 (Laskar et al. 2011b ) nominal solutions show that only La2010d and La2011 can be applied beyond 47 Ma (Westerhold et al. 2012 ). The comparison of these solutions to the geological record confirms their stability back to at least 50 Ma, and possibly 54 Ma (Westerhold et al. 2012) . Further back in Astronomically tuned age model for the early Eocene carbon isotope events 385 (map generated at http://www.odsn.de/odsn/services/paleomap/paleomap.html).
time, only the stable long eccentricity cycle (405-kyr) can reliably be used for tuning. In this study, we initially tuned our carbon isotope record to the 405-kyr eccentricity cycle from the La2010d solution (Laskar et al. 2011a) .
For spectral analysis we applied the standard Blackman-Tukey method and Gaussian band pass filtering technique as implemented in the AnalySeries software (Paillard et al 1996) .
Results
Benthic δ 13 C record of ODP Site 1263
Our benthic δ 13 C record reflects a series of negative carbon isotope excursions (CIEs) from ETM2-H2 , Stap et al. 2009 upwards. We identify and label 18 of the excursions with amplitudes ranging between 0.5 ‰ and 0.8 ‰, (Fig. 2) . In the lower part of our record, these CIEs correspond to the hyperthermal events I1, I2, J, K/X/ETM3 and L (e. g., Cramer et al. 2003 , Nicolo et al. 2007 , Agnini et al. 2009 , Galeotti et al. 2010 C record from Site 1263 plotted versus depth (mcd). Highlighted intervals represent the position of the early Eocene hyperthermal events and subsequent excursions in the carbon isotope data, labelled alphabetically extending the nomenclature initiated by Cramer et al. (2003) . Dashed lines represent bandpass filters applied to the lower and upper intervals. The red box indicates the "problematic interval" characterized by a ~1‰ positive shift in the carbon values. b) Power spectra of the two intervals selected for the construction of the age models. et al. , Littler et al. 2014 , Lauretano et al. 2015 . Above this interval, we label 11 additional CIEs in alphabetic order, continuing the nomenclature of Cramer et al. (2003) (Fig. 2 and 5) . A pronounced negative peak in the δ 13 C at around 260 mcd is preceded by a generally more scattered interval (M-N) that we define as a "problematic" interval for its cyclostratigraphic interpretation (Fig. 2) . Above this interval, the average δ 13 C background values undergo an increase of ~1 ‰ between 260 and 253 mcd, while this transition to heavier values is punctuated by shorter negative excursions.
Astronomical tuning of ODP Site 1263
Cyclostratigraphic interpretation of our δ 13 C record of Site 1263 was performed in several steps. First, we separately analyzed the spectral characteristics of two distinct portions of the record: the lower interval between 266 and 296 mcd (Lauretano et al. 2015) and the upper interval between 233 and 253 mcd, since the expression of eccentricity-induced variability is less clear in the problematic interval that marks the shift to heavier δ 13 C background values between 253 and 266 mcd (Fig. 2) . The interval at the top of our record between 229.78 and 233.60 mcd was not included in this analysis because of strong coring disturbance identified in this part . The lower interval revealed spectral peaks at periods of 6.6 and 1.88 m, which were interpreted by Lauretano et al. (2015) to reflect the 405-and 100-kyr eccentricity cycles, in agreement with the long-term variability previously found in MS, a* and Fe-counts records of Site 1263 , Westerhold et al. 2007 ). The upper interval revealed similar strong peaks, though with slightly reduced wavelength at 5.2 m and 1.2 m, which we similarly interpreted as reflecting the expression of the 405-and 100-kyr eccentricity cycles.
We applied a Gaussian filter centered at a frequency of 0.15 Ȁ 0.045 cycles per meter for the lower interval, and tuned the filtered component to the extracted 405-kyr eccentricity cycle of the La2010d solution ( Fig. 3 ; see also Lauretano et al. 2015) . Our tuning approach is based on the same phase relation as in previous studies, i. e. minima in δ 13 C correspond with maxima in the 405-kyr eccentricity cycle and vice versa , Westerhold et al. 2007 . We anchored our tuning by correlating the minimum in the δ 13 C-filtered component corresponding to ETM2-H2 (Stap et al. 2010) to the maximum in the 405-kyr cycle around 54 Ma (Fig. 3d) . As starting point, we assigned an age of 54.09 Ȁ 0.02 Ma to ETM2, according to option 2 of Westerhold et al. (2008) . The lower interval was therefore tuned to 5 successive maxima in the 405-kyr eccentricity cycle between ~54 and 52.4 Ma. We used this interval as the fixed backbone of our age model to construct and test three different age model options for the younger part of our record (Table 1) .
The ~5.2-m cycle was extracted from the δ 13 C record of the upper interval, using a band pass filter centered at a frequency of 0.19 Ȁ 0.06 cycles/m, reflecting the presence of four 405-kyr eccentricity -related cycles (Fig. 2) . To establish our tuning options we considered that 1, 2 or 3 405-kyr eccentricity-related cycles are present in the problematic interval ( Fig. 3a-c ). According to these three age models the age for the top of our record arrives at 49.85, 49.45 or 49.05 Ma, respectively. Accordingly, our record comprises 11, 12 or 13 405-kyr cycles, which in turn correspond to a total of 15, 16, or 17 405-kyr cycles for the early Eocene between the PETM and the top of our record (Westerhold et al. 2007) .
The consequences for the calculated average sedimentation rates for each of the three age models are presented in Figure 4a . The 1-cycle model would imply an almost doubling in sedimentation rate across the problematic interval while the 2-cycle age model results in smooth changes in sedimentation rate and represents the most conservative solution with an on average constant sedimentation rate throughout the study interval of 1.4 cm/kyr. The 3-cycle age model translates into a decrease in sedimentation rate across the problematic interval. The 2-cycle age model provides the best fit of the inferred cycle pattern with 405-kyr eccentricity, but an opposite phase relation is observed around 51.7 Ma coincident with the δ 13 C minimum in the problematic interval between cycles 10 and 11 (Fig. 3b) . This discrepancy can be explained by minor changes in sedimentation rate in combination with the correspondence of this interval with ã 2.4 Myr eccentricity minimum (see Paragraph 4.2). The 3-cycle age model reveals an apparent misfit with 405-kyr eccentricity between 51.2 and 51.8 Ma, but it results in a more realistic detection of the 100-kyr cycle and a better fit of the δ 13 C minimum (i. e., Ec 405 11) in the problematic interval (Fig. 3c ).
Comparison with ODP Site 1258
To further test our three 405-kyr eccentricity based age models, we compared the δ (Laskar et al. 2011a) . Eccentricity related cycles are numbered following Westerhold and Röhl (2009) , starting from the PETM. Kirtland Turner et al. 2014) , based on the astronomically tuned age model of Westerhold and Röhl (2009) . ODP Site 1258 is located on Demerara Rise in the equatorial western Atlantic at a present-day water depth of ~3200 m and estimated paleodepth of 3000 m during the Eocene (Sexton et al. 2006) . The bulk carbonate record is dominated by calcareous nannofossils (Sexton et al. 2006 ) and thus expected to mainly reflect surface water signals, while our benthic record reflects deep-water conditions. Although the bulk and benthic δ 13 C records carry the expression of different ecological conditions, they often co-vary indicating that they both portray (isotopic) changes in the global carbon cycle (e. g., Grant and Dickens 2002, Reghellin et al. 2015) . In particular this is confirmed by the close resemblance between the bulk carbonate and benthic δ 13 C records at ODP Sites 1258, 1263 and 1262 (Stap et al. 2010 , Littler et al. 2014 , Kirtland Turner et al. 2014 ) and the similarities between these records. Changes in the carbon cycle on eccentricity time scales can be explained by changes in the burial ratio of carbonate to organic carbon due to weathering (Cramer et al. 2003 , Ma et al. 2011 . During phases of eccentricity maxima, increased weathering and nutrient supply could drive minima in δ 13 C by increasing the carbonate to organic carbon burial ratio (Cramer et al. 2003 , Ma et al. 2011 . These weathering-induced changes appear to affect the whole water column (Ma et al. 2011) , thus explaining the consistent coupling between surface and deep-water signals expressed by the trends in the δ 13 C records. Based on similarity between the records, we aligned both δ 13 C records in the depth domain, using 30 characteristic features as tie points (Fig. 5 and Table 2 ). We correlated the pronounced CIEs found at Site 1263 to the CIEs identified at Site 1258 and labelled them with reference to the magnetostratigraphic information available for this site (Kirtland Turner et al. 2014) (Fig. 5) . At Site 1258, these excursions have been interpreted and labelled as potential hyperthermal events; in lack of additional data to support this claim, we simply extended the alphabetical nomenclature introduced by Cramer et al. (2003) to describe the transient events in the carbon record.
Subsequently, we transferred our three age models from Site 1263 to Site 1258, and compared the resulting age-depth relationships of Site 1258 with that of Westerhold and Röhl (2009) in Figure 4b . For this comparison, we refrained from using the depth-correlation lines in the problematic interval of Sites 1263/ 1258 (253-266 mcd/71-86 rmcd) as age tie points (shown in Fig. 5 ) to increase the degree of freedom that Astronomically tuned age model for the early Eocene carbon isotope events 389 Table 1 Age-depth tie points of the three age model options based on the tuning to the long-eccentricity cycle extracted from the orbital solution La2010d (Laskar et al. 2011a Similarly as for Site 1263, the 1-and 3-cycle options for Site 1258 result in a distinct change in sedimentation rates around 52 Ma (Fig. 4b ). Clearly our 2-cycle age model largely fits the initial tuning (option 2) by Westerhold and Röhl (2009) , though both age models start to diverge significantly above 70-80 rmcd (Fig. 4b) . In Figure 6 , our benthic δ 13 C record of Site 1263 and the bulk carbonate δ 13 C record from Site 1258 are compared against time, using our 2-cycle option and the initial age model by Westerhold and Röhl (2009 Westerhold & Röhl (2009) . Consistent patterns are identified in both δ 13 C records between ETM2 and ETM3, allowing for a univocal cyclostratigraphic interpretation on the 405-kyr scale in this interval (see also Lauretano et al. 2015) .
The 405-kyr cycle patterns and underlying δ 13 C records covering cycles Ec 405 10 to Ec 405 11 show good agreement between both sites, with the exception of the more distinct short-term negative isotope excursions found at Site 1258 during Ec 405 11, i. e. during the long-term shift in the carbon isotope record (Fig. 6a-c) . These excursions, although present, are far less pronounced at Site 1263, probably indicating condensed intervals due to dissolution (or lower sedimentation rates) or small gaps in our record. Nevertheless, the pattern found at Site 1258 suggests that only 2 ҂ 405-kyr eccentricity cycles are present within this Astronomically tuned age model for the early Eocene carbon isotope events 391 problematic interval, as found by Westerhold and Röhl (2009) . The 2-cycle option also yields a good correlation between Sites 1263 and 1258 from Ec 405 12 to the top of the bulk δ 13 C record, although significantly off from the initial age model by Westerhold and Röhl (2009) . In comparison to our results of Site 1263, Westerhold and Röhl (2009) seem to have stretched this interval considerably to accommodate an additional 405-kyr cycle in this part of 1258 (Fig. 6c) . Assuming that our correlation scheme between both sites is robust, we consider the occurrence of this additional cycle less likely, since it would result in a proportional stretching of the δ 13 C record from Site 1263 for which we do not have evidence.
An alternative age model for Site 1258 was presented in the Geologic Time Scale 2012 (GTS2012), which reviews the astronomical tuning of Westerhold and Röhl (2009) , but includes additional radioisotopic dates and sea floor spreading rates (Vandenberghe et al. 2012 ). For comparison, we have included the GTS2012 age model in the age-depth plot of Site 1258 (Fig. 3b) , using the magnetostratigraphy of ODP Site 1258 and applying the GTS2012 chron boundary ages as constraints (see also Kirtland Turner et al. 2014, Supplementary information) . Evidently, the GTS2012 ages are in much better agreement with our 3-cycle age model, but with clear differences in age. In particular, the lower (upper) part of the record is significantly older (younger) according to Vandenberghe et al. (2012) Astronomically tuned age model for the early Eocene carbon isotope events 393 Fig. 7 . Power spectra of the Fe-record in the problematic interval from of Site 1258 using a) 2-cycle age model: b) 3-cycle age model and c) the initial age model by Westerhold and Röhl (2009) (Fig. 3b) . Since our 1-cycle option is distinctly off from all the other age models presented, it will be discarded from further evaluation.
A comparison between the extracted filtered 405-kyr components of the δ 13 C records from Sites 1263 and 1258 plotted on our 3-cycle age model and the GTS2012-based age model is shown in Figure 6 (d-f) . Clearly, GTS2012 assigns older ages to the eccentricity related cycles Ec 405 5 to Ec 405 9 than we propose. In addition, the 405-kyr filtered component and the δ 13 C record start to reveal major discrepancies from Ec 405 10 onwards in GTS2012 when the amplitude of the filtered signal becomes strongly reduced. In particular, the interval corresponding to cycles Ec 405 11-Ec 405 12 becomes significantly stretched in GTS2012, which implies an almost doubling of the time span in between the two major negative excursions (N-O) at the onset of the shift in the carbon isotope records. Therefore the GTS2012 age model arrives at a much younger age for the top part of the record to accommodate nearly one extra 405-kyr cycle compared to our 3-cycle age model and that of Westerhold and Röhl (2009) , and two extra cycles compared to our 2-cycle age model. Moreover, the filtered 405-kyr components of GTS2012 and our 3-cycle age model are anti-correlated for Ec 405 12 to Ec 405 14 (Fig. 5) .
To further evaluate our 2-and 3-cycle age models, we analyzed the spectral characteristics of the XRFbased Fe records (Westerhold and Röhl 2009 ) from the problematic interval between 70 and 91 rmcd at Site 1258 (Fig. 7d) . The spectra reveal strong peaks corresponding to periods of 21-and 28-kyr according to the 2 and 3-cycle age model, respectively (Fig. 7a-b) . The 21-kyr period is close to the 22.5-kyr cycle detected on the basis of the initial age model of Westerhold and Röhl (2009) , who interpreted this cycle as the imprint of precession (Fig. 7c) . Clearly, the 28-kyr period in the Fe spectrum according to our 3-cycle age model does not correspond to the theoretical values for precession during this time interval and is also too far off to be explained by obliquity forcing. The inclusion of the extra 405-kyr cycle compared to the 2-cycle age model causes the shift of the precession-related peak from ~21-to 28-kyr, invalidating the robustness of the 3-cycle model. Therefore we consider the 2-cycle age model as the best possible age model for the problematic interval. This is corroborated by the relative constant sedimentation rates for both Site 1263 and 1258 (Fig. 4). 
Discussion
Implications for the Global Polarity Time Scale
One of the main problems in constructing the GTS2012 was the significant discrepancy observed between the astronomical age model (i. e., option 2 of Westerhold and Röhl 2009) and the radioisotopic age model around 50 Ma (Vandenberghe et al. 2012) . Specifically, the astronomical age model resulted in a much shorter duration of C23n.2n, as compared to -for instance -C23r than radioisotopic age models, leading to a consistent offset of ~0.5 Myr with astronomical ages of reversal boundaries being abruptly older from C23n up to C21n (Vandenberghe et al. 2012) . The resultant 2 : 1 ratio in duration between C23r and C23n.2n was in particular inconsistent with the approximately 1 : 1 width ratio observed in seafloor anomaly profiles from different ocean basins (Cande and Kent 1995) used as reference in GTS2012. Possible explanations for the observed discrepancy lie in the quality of the magnetostratigraphy, a hiatus or an overlooked 405-kyr cycle in Site 1258 proxy records on which the astronomical age model was based for this time period (Vandenberghe et al. 2012 ), but may also stem from uncertainties in the width of the magnetic anomaly profile of Cande and Kent (1992) , errors in absolute ages for the calibration tie points, and position of magnetic reversals . The convincing correlation between the δ 13 C records of Sites 1263 and 1258 indicates that the presence of a significant hiatus in Site 1258 is unlikely, as this would imply that such a hiatus would cover exactly the same interval at both these sites located on opposite sides of the Atlantic Ocean. In addition, the spectrum of the Fe-counts record using our preferred 2-cycle age model reveals a clear precession signal, as similarly documented by Westerhold and Röhl (2009) , corroborating the robustness of the astronomical tuning approach within the interval of C23r. The discrepancies between GTS2012 and the astronomically tuned age models thus remain unsolved and therefore question the reliability of the radioisotopic ages, the magnetostratigraphic constraints of Site 1258 and/or the robustness of the South Atlantic anomaly profile. Moreover, the quality of the selected age tie points in the radioisotopic age model of Vandenberghe et al. (2012) did not meet strict requirements -single crystal Ar/Ar sanidine or U/Pb zircon ages unambiguously tied to chron boundaries via reliable magnetostratigraphy -due to the scarcity of such tie points in this interval. This may have added to the uncertainty in the final age model proposed by Vandenberghe et al. (2012) .
On the other hand, the original magnetostratigraphy of Site 1258 (Suganuma and Ogg 2006) was substantially revised and improved by Westerhold and Röhl (2009) . As discussed in Westerhold and Röhl (2009) , Suganuma and Ogg (2006) suggested that the uppermost part of C23n in Hole 1258B and/or the overlying Chron 22r in Hole 1258A was most likely truncated by an unrecognized fault, which could explain the offset in the planktonic foraminifer Zone E6/E5 Pearson 2005, Wade et al. 2011 ) (Zone P8/P7 sensu Berggren et al. 1995) . Westerhold and Röhl (2009) tackled this problem by presenting new nannofossils data, i. e. the HO of T. orthostylus which was found by Agnini et al. (2006) close to the base of C22r in the Possagno section (Italy). However, according to Westerhold and Röhl (2009) , this event occurs within C23n and therefore does not provide a very reliable age constraint either. The upper constraint of C23n in Site 1258 remains therefore debatable.
Finally, it appears that the spreading rates based on CK95 (Cande and Kent 1995) are smaller in C23n.2n than in C23r within three different oceanic basins (Bouligand et al. 2006 ). This consistency indicates that the duration ratio of C23n.2n vs. C23r should be smaller (i. e., C23n.2n should be shorter and/or C23r should be longer), which may point to a fundamental problem in the critical interval of the South Atlantic anomaly profile, used by Cande and Kent (1995) and by Vandenberghe et al. (2012) .
Towards a 100-kyr eccentricity tuned age model
Based on our results, we consider the 2-cycle age model as the most plausible age model since it results in steadiness of sedimentation rate across the problematic middle interval for both Site 1263 and 1258. Starting from this age model, we attempted to establish a tuning to 100-kyr eccentricity. Although such a fine tuning is considered risky in this time period due to uncertainties in the stability of the orbital solution beyond 50 Ma (Laskar et al. 2011a , Westerhold et al. 2012 , we base our approach on the tight match between the geological record and the orbital solution, which highlights the good fit between variations in our proxy record and Astronomically tuned age model for the early Eocene carbon isotope events 395 C records in combination with the results of 100-kyr band pass filtering rather than the filters alone, as these are very sensitive to changes in bandwidth and/ or sedimentation rate (Table 4) .
Starting from our tuning to the long eccentricity cycle, the tuning to the 100-kyr eccentricity is relatively straightforward for the interval between 49.5 and 50.8 Ma, where we correlated the double 100-kyr peaks of Ec 405 13 to 15 (S to W) in δ 13 C to pronounced maxima in the eccentricity curve resembling this pattern. Next, the four well-developed negative carbon peaks (P-R) of Ec 405 12 are in excellent agreement with the four distinct 100-kyr maxima around ~51.2 Ma (Fig. 8) . The more negative values in the problematic interval (N-M) at ~52 Ma fit with the interval of the reduced amplitude of the 100-kyr eccentricity cycle in Ec 405 10, which results from a minimum in the very long eccentricity cycle (~2.4 Myr), in agreement with observations for Site 1258 (Westerhold and Röhl 2009) . In this respect, we suggest that the pronounced negative isotope excursion at 260 mcd in Site 1263 merely corresponds to the expression of the youngest 100-kyr eccentricity-related cycle of Ec 405 11 rather than an anti-phase relationship with the 405-kyr eccentricity cycle as indicated by our 2-cycle option.
The tuning of the lower interval is easily resolved between L and I2. However, the position of ETM2 is questionable, as Westerhold et al. (2007) linked this event to the first (oldest) 100-kyr eccentricity maximum in the 405-kyr maximum, while Lourens et al. (2005) tuned it to the second, most pronounced 100-kyr eccentricity maximum. Uncertainties in the solution in this time period prevent a final tuning of ETM2 on the short-eccentricity scale. However, tuning the first of the "paired events" to the second, most pronounced eccentricity maximum is consistent with the number of 100-kyr eccentricity related cycles between ETM2-H2 and I1-I2, and the pattern and tuning of I1-I2. We therefore adopt this option for our tuning of this interval (Fig. 8) , until improved orbital solutions become available.
Based on our observations, the patterns of short-eccentricity in the La2010d solution are in good agreement with the variations in the δ 13 C records of Sites 1263 and 1258, suggesting that the solution might be reliable to at least 52 Ma and possibly even 54 Ma. This conclusion is in line with Laskar et al. (2011a) , stating that the La2010 solution is reliable over more than 50 million years, and with Westerhold et al. (2012) , who also argued that the La2011 solution is reliable back to ~54 Ma. More recently, found inconsistencies in a comparison of proxy records of various ODP sites over the middle Eocene suggesting a possible issue with the newest La2011 solution.
The resulting age model applied to both records translates in an on average constant sedimentation rate of 1.5 cm/kyr and 2 cm/kyr for Site 1263 and 1258, respectively, with a minor decrease from ~51.8 Ma, coincident with the transition to heavier carbon values. Spectral power is concentrated at short-and long-eccentricity frequencies, which is not surprising in view of the tuning method.
Our tuning approach is based on the phase relationship between the early Eocene CIEs events and eccentricity maxima, as initially proposed by Lourens et al. (2005) , and the tight match between the geological record and the astronomical solution appears to support this phase relationship. However, Smith et al. (2014) recently linked the occurrence of the CIEs related to hyperthermals to 405-kyr eccentricity minima, based on studies of the continental Green River Formation from which numerous age models have been developed over the last decade (Machlus et al. 2008, V. Lauretano et al. 396 Smith et al. 2008 , Aswasereelert et al. 2012 , Tsukui and Clyde 2012 . Green River and marine-based age models can in principle be compared using magnetostratigraphic correlations and ages of chron boundaries. However, such a comparison is complicated by ongoing uncertainties in the ages of ash layers in the Green River Fm. Recent U-Pb ages of ash layers are up to 250 kyr younger than previously obtained Ar-Ar ages (Machlus et al. 2015) , and the magnetostratigraphy and its correlation to the GPTS result in anomalously long or short (sub)chrons (i. e. the short C22r in the tiered age model of Smith et al. 2014 ) as compared to Cande and Kent (1995) and Vandenberghe et al. (2012) . These limitations are likely responsible also for the opposite phase relation between hyperthermals and eccentricity inferred by Smith et al. (2014) , with hyperthermals corresponding to minima. In view of these uncertainties and discrepancies between current Green River age models, we here refrained from making detailed comparisons with our marine-based astronomical age model (ages and durations are reported in Table 3 ). A more detailed discussion on this specific issue and the comparison between marine and terrestrial records can be found in Westerhold et al. (2015) .
Conclusions
Our high-resolution benthic δ 13 C record from ODP Site 1263 offers the opportunity to provide a robust temporal framework for long-and short-term variability in the carbon cycle during the early Eocene (~49-54 Ma). We evaluated three tuning options for an astronomical age model, differing in the number of eccentricity-related cycles (405-kyr) in the so-called "problematic" interval, during which average δ 13 C values undergo a positive shift of ~1 ‰. While the presence of only one cycle in this interval can be excluded, it is more difficult to discriminate between the 2-and 3-cycle options. The correlation to the bulk carbonate δ 13 C record from Site 1258 (Kirtland Turner et al. 2014 ) allowed to further test our age models and to compare them with the initial astronomical age model of Westerhold and Röhl (2009) . Our 2-cycle age model represents the most conservative option in terms of sedimentation rate and is in agreement with the initial age model of Westerhold and Röhl (2009) for the problematic interval but differs from it in the interpretation of the younger part of the records, where the initial age model significantly stretches the interval of Ec 405 13 and 14. We therefore choose our 2-cycle option as our preferred age model although more detailed stratigraphic work is needed. Further, the comparison with the GTS2012-based age model (Vandenberghe et al. 2012) adds to the uncertainties stemming from the discrepancy between radioisotopic and astronomical ages in this interval.
Finally, we established a fine tuning of the δ 13 C records to the La2010d orbital solution, starting from our preferred 2-cycle age model. The good match between patterns observed in the proxy record and the orbital solution suggests that the newest astronomical solutions might be reliable back to 52 Ma, possibly until 54 Ma. Evidently, solving age model discrepancies for the early Eocene represents a critical step to understand the potentially complex response of the global carbon cycle during the early Eocene.
